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Condensate Removal by Centrifugal Force

FINAL REPORT

Covering the
Period March 1, 1960 through February 28, 1563

NASA Research Grant Ns-G-Z2-60
Prepared by K. O. Beatty jr., Project Director

The purpose of this project was to investigate condensation with conden-
sate removal by centrifugal force; specifically, condensation on a flat rotat-
ing disk. The work was carried out in the Chemical Engineering laboratories
at North Carolina State of the University of North Carolina at Raleigh in co-

operation with the Department of Engineering Research.

«

GENERAL SCOPE OF PROJECT

The project was an outgrowth of experimental work that had been done in
1957-58 in these laboratories. This work consisted of measurements of heat
transfer coefficients during condensation of non-aqueous vapors on the upper
suréace of a 5-inch water cocoled disk rotating in a horizontal plane at ve-
locities of 400 to 2400 rpm. Vapors used were methanol, ethenol and refrig-
erant 113. Heat transfer rates were determined by direct collection of con-
densate. Coefficients were calculated using surface temperatures measured by
thermocouples in the disk surface comnected to slip rings on the shaft. Re-
sults of this work appear in the published literature (1) and as a doctoral
thesis (2).

In genergl, data had shown reasonable agreement with the predictions from
simple WNusselt-type laminar film theory of condensation. Coefficients in-

creased about as the 0.42 power of the rotational speed, i.e., slightly less
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than the 0.5 power predicted by theory. Measured values of the coefficients
had magnitudes about 70% of the predicted values. This meant that coeffi-
cients several times those experienced in ordin;ry gravity-flow condensers
could be obtained at rotstional speeds of about 2000 rpm. It appears that
significantly higher values could be obtained with the higher rotational
speeds readily obtained with common rotating machinery. The potential val-

ue of such high coefficients in terrestial applications was clear. The pos-

sible use of rotational disk condensers in space applications was also ob-
vious since gravity-flow condensers will not function properly under these
conditions.

The discrepancy between ob%erved end predicted values for coefficients,
while not very large, was sufficient to indicate clearly that present theory_
was inadequate. This was particularly significant in extrapolations to
higher speeds in view of the difference between the observed and predicted

exponents on the votational velocity term. Further experimentation at higher

speeds seemed essential. It also seemed essential that experimental vseriation
of some other parameters be made to help in propounding a sounder theoretical
basis.

It was, therefore, proposed to build a rotating disk conienser that

(a) would permit direct measurement of the disk surface temperature,

vapor temperature, and condensation rate, i.e., provide data for direct cal-
culation of the average heat t—ansfer coefficient on the disk surface,
- (b) could operate to 10,000 rpm,
(c) would permit use of disks of several diameters,
(d) covld be opersted with the vapor chamber at sub-atmospheric or

super-atmospheric pressure,

(e) could be operated sealed in c¢losed cycle to permit use of mix-

tures of condensable and non-condensable gases as well as of pure vapors.
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With an apparatus mesting these specifications it is possible tc de-
’ermine the effects of independent variations of rotational speed, fluid
properties, disk geometry, temperature difference, gravitational vector, vapor
velocity, and diffusional resistance.

Design, construction and calibration of this apparatus were major items
in this project. A considerable quantity of data were taken but since the re-
quest for extension of the project was rejected, the experimental program fell

far short of exploiting the potential of the apparatus which was btuilt.

EXPERIMENTAL APFARATUS

Two rotating condensers were used in this work. One coﬁsisted of a re-
buiit, slightly modified versicn of the apparatus used by Nandapurkar. This
unit had a 5-inch diameter disk and a small glass covered vapor chamber. It
was suitable for cperation at or near atmospheric pressure only. As modified,
it could be operated for mcderate periods of time at 5,000 fpm but seal ring
limitations dictated 2,000 rpm as the practical limit for continuous use.

A cross-section sketch of this apparatus is shown in Figure 1. Because
of the glass view plate, tke apparatus was particularly convenient for conden-
sate film flow pattern studies.

The second unit was much more elaborate. It was designed with a large
stainless steel vapor chamber capable of operation at vacuum to 200 psi.
Rotational speed of the condenser surface cculd be varied from 100 to over
5,000 rpm. The shaft-type seal would permit operation to 10,000 rpm with a
suitable drive pulley. The condenser disk can be removed and replaced without
removal of the shaft from its housing. Disks from 5" to 10" in diameter can
be accommodated and a 7-1/2" diameter disk is installed in thz apparatus. A
cross-section sketch of the disk is shown in Figure 2 and general photogrsphic

views of the assembled apparatus are shown in Figures 3 and 4.
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The vapor chamber is mounted on an A-frame with hollow trunnions through
the bearings. This support design permits the chamber to be rotated 180 de-
grees around horizontal axis with only minor piping changes. By rotating the
chamber, the plane of the condensing face of the disk may be oriented toward,
away from, or at an angle to the surface of the earth. This rotation was
deemed necessary in order to be sure that no gravitational effects were in-
fluencing the data. A detailed description of the apparatus and its compon-
ents will be found in the Master of Science thesis of J. A. Merricks (3).
Basically, this equipment meets all six of the requirements listed in the

preceding section.

EXPERIMENTAL RESULTS
Several significant observations and conclusions were made during the
course of this work. In adiition, much data was gathered that will contri-

bute to further understanding if it is supplemented by additional experiments

and analysis of results. This report will confine itself to those results for

which data already obtained form a . >und basis.

The results obtained in this project fall into several areas. Since the

larger condenser was not brought on stream until the third year of the project,
most of the expesrinzntal data were obtained on a rebuiit version of’;he s
diemeter atmospheric condenser which had been used in this laboratory pre-
viously. With this condenser, runs were made with pﬁre vapors of methanocl,
ethanol, refrigerant-113, and water.) Runs were also made using methanol

vapors with varying percentages of nitrogen or carbon dioxide as non-condensable

diluents. :
The results for 57 runs using pure methanol at disk rotational speeds of

14C to 5000 rpm are given in Figure 5. Results for 36 runs using ethanol, 29
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runs using refrigerant-113, and 23 runs using water vapor are given in
Figures 6, 7, and 8, respectively. -
The results obtained using methancl diluted with various amounts of :

nitrogen are given in Figure 9, and for methanol ard carbon'dioxide in.Figure

10. The rotational speeds for the runs with non-condensatles present were
limited tc 2 maximum of 1000 rpm. This limitation was made to reduce wear and
tear on the apparstus since the da'a showed that increasing rotatiobal veloci-
ties was having only small effects on the heat transfer coefficient. '
Although much data was obtained on the new condenser with the 7-1/2"
disk, there seems little point to reporting the actual values here. Mechani-
cally, the apparatus performed very well but a number of problems arose in

obtaining consistent data. Reproducibility of results from dey to day 1-ft

PPN

much te be desired. Much of this variability was attributed to the difficulty
of adequately purging the large vapor chamber of air and keeping it purgéd

during a series of runs. The large mass of the stainless steel chexzber also
made it difficult to reach truly steady state operation ir less than several

hours. There was also some evidence that there might be some pulsating cavi-
tation of the condenser water within the disk, particularly at the higher
rotational speed. For these reasons, the date from the runs on the larger . J

condenser are not presented here.

R

Basically, however, the data for the larger condenser confirm the quali-

tative trends shown by the smaller condenser. As rotational speeds were in- ;
creased, heat transfer coefficients increased somewhat more slowly than pre--
dicted by theory and appeared to reach a maximum value in the region near

4000 to 5000 rpm.; Quantitatively, even the highest heat transfer coefficients

v s e o iets i e Bt kit o

obtained with the larger condenser were often a8 much as twenty percent telow

RCABICN 1-[(3;5,,

that obtained with the smaller condenser. This was true even when purgiag was
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carried ovt for extended periods of time and great care was taken to see
that steady stste conditions had been reached when data were being collected.

A possible explanation for these lover coefficients will be given in a later

section of this report.

THEORY AND DISCUSSION OF RESULTS

The simplest kind of Nusselt-type approach to rotating disk condensation

assumes that the condersate is in purely radial laminar flow, that all ther-
mal resistance °s caused by conductior through the condensate layer, and that

the temperatur: zradient is a constant throughout the layer. It further
ascumes that fluid properties are uniform within the condensate layer and
that there are no interfacial or end effects. Such a model predicts tnat the ;
velocity profile ol the condensate will be paraboiic with a maximum at the
vapor-coadensate interface.

Continuing the calculation leads to the interesting prediction that the it
~ondensate layer should have a uniform thickness over the entire surface of
the disk regardless of its radial dimensions.

Even if the assumptions are modified to include the possibility of three
dimensional flow (instead of purely radial), the result is the same except

for very thick condensate layers. The predicted eondensate layer thickness,

$ , in terms of the operating parameters is given by Equation (1):

1 1/2
S= (2 k2l /4/(w) / (1) —_
2N\P ‘
where k = thermal conductivity of condensate

Y = kinematic viscosity of condensate
p = density o condensate 3
P
fa
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-?*= latent heat of vaporization ef condeasate

A = saturation temperature of vapor minus surface temperaturc of
disk

& = angular rate of rotation of disk

By the assumptions of this theory, the heat iransfer coefficient, h,

is given by Equation (2)

= 0.904 (F—=8) " (W) (2)

K3 A 1/4 1/2
h =
A

k_
)

As has teen mentioned, the Nusselt-type theory has been modified to

allow for tengential and axial velocity components for the condensate and tc
take into account the effect of vapor drag on a smooth condensate surface
(4, 5)- These modifications do not alter predicted values of coefficients by
more than s few per ceat under normal operating conditions. Under the con-
ditions where significant deviatiens are predicted to occur, several other

factors not accounted fcr even in this modified theory would be expected to

make important contribution to the values of the heat transfer coefficient.

It appears then that the disqrepancy between observed and predicted values of
heat transfer must lie in some major error, or errors, in the assumptions
underlying the theory. From data obtained on this project i* is believed
that a2 major error results from the assumption of a flat vapor-condensate
interface.

Visual and photographic evidence have shown conclusively that with disks

of 5 inches or greater in diameter and at rotational speeds of 400 rpm or

greater, there are surface waves in the condensate layer. The condensate
layer thicknesses predicted by theory are of the order of 0.0015 inches at

500 rpm to 0.00G5 inches at 5000 rpm. Measured values of theq heat transfer
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coefficient indicate that the actual average thicknesses must be approximatelv
of this magnitude. In order to make any waves in such thin film visible, it
is necessary 'o 11" minate the film &t a small grazing angle. The photcgraphs
in Figures 11and 12 show clearly that very complex wave patterns, basically
c¢ir-umterential in nature, do indeed exist in the film. The waves amplituaes
are certainly of a magnitude comparable to the predicted film thickness and
they cover appraciable areas of the disk surface. Consequently, it must be
looked on’ as almost happenstance that a theory which ignores these waves pre-
dicts coefficients in reasoruble agreement with the observed values.

It is a matter then cof both theoretical and empirical concern to determine
the nature and the origin of these waves. A series of experiments using metha-
nol, ethanol and refrigerant-113 established that the waves did not cover the
entire surface of the disk but existed only in the annular area beyond some
eritical radius, ro. The value of this critical radius was shown tc decreese
with increasing rotational speed and to be somewhat dependent on the rluid
that was being condensed (67. As a result of observations with the three
fluids mentioned above and at rotational speeds over the range of 400 to
5,000 rpm, it was found that the critical radius could be correlated within
: 5% by the simple equation

rl W
—°—v-—— = 280,000 (3)
where }) is the kinematic viscosity of the condensate.

Alternatively, it may be stated that waves will be formed on the disk

over those areas where the radius r meets the requirement that

2
_P_v‘*l 2 280,000 (4)

This correlation suggests that wave formation is the result c¢f exceeding a

critical value of some type of Reynolds number.

i
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In gravity-flow condensation, it has been shown that turbulence arises
in the condensate layer when its Reynolds number, based on layer thickness,
exceeds 2100. This same Reynolds number calculated from the layer thickness
when waves are observed to appear on the rotating disV condenser has a value
of" less than 10. This hardly seems adequate for any type of iaminar-turbulent
transition. The absence of turbulence in the condensate layer was alsc con-
firmed by the introduction of small amounts of dye into the layer. (It should
also be noted that turbulence per se would be expected to enhance the heat
transfer coefficient not reduce it.)

If the origin of waves 1s not in the condensate film itself, it seems
probable that it must lie in the vapor or-in interaction between the vapor
and the condensate layer. A critical vapor Reynolds number masy be calculated
by using the vapor viscosities in place of the condensate viscosity in the

left hand side of equation (4). When this is done it is found that the cri-

®
terion for wave formation is that

= 26,000 (5)

where ))g is the kinematic viscoéity of the vapor.

This value of 26,000 is slightly less than 0.1 of the 300,000 figure
quoted by Schlichting (7) for the transition Reynolds number on a rotating
disk. However, the figure given by Schlichting is based on the outer radius
of the disk and no indication is given of what portion of the flow over the
disk is turbulent. Furthermore, Schlichting's value is basel on a single
homogeneous fluid ,flowing across the solid surface of the disk %ith zero ve-
locity components in all three directions of the disk surfacel’ In the disk
condenser, the vapor-condensate interface has a significant radial component
of velocity and, because of the condensation, there is a finite vapor velocity

@
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component normal to this interface.

It seems reasonable then to propose the hypothesis that the waves in the

condensate layer are produced by turbulence arising in the vapor boundary layer

when some critical Reynolds number is exceeded. It is to be expected that
waves produced in-this manner would reduce the measn radial velocity of the
liquid layer and, hence, increase its average thickness. An increase of a few
ten-thousandths of an inch in condensate layer thickness would be sufficient
to account for the reduced values of coefficient observed. Since this turbu-
ience would incresse with increasing rotational speeds, this hypothesis is
consistent with the failure of coefficients to increase with rotational speed
as rapidly as predicted by Nusselt-type theory.

In waves of small radius of curvature, interfacial tension will play an
important part. With the rotational plane of the disk parallel to the earth's
surface, gravitational provides the principal force component interacting
with interfacial tensions. Despite the enormous radial forces associated with
the rotation, these much smaller forces acting normal to the disk have a pro-
found influence on the condensate layer behavior. This is brought out dra-
matically in the photograph of Figure 13 showing water condensing on a disk
rotating at 900 rpm. Under these conditions, the mean radial acceleration
is approximately 10 g on this disk. Despite this, it is seen that the flow
pafhs for the condensate follow a maze-like pattern determined in large part
by the interfacial tensions among the three phases - vapor, liquid and solid
surface.

The Nusselt-type theory previously referred to predicts that the heat
transfer coefficient for condensation on a rotating disk should incresse as
the square root of the rotational speed. Modification of the theory to take

into account the non-radial components of condensate velocity do not alter

o
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this prediction. The equations for gravity-flow and centrifugal flow are
quite similar. Basically the factor g/L in the gravity flow equation is
replaced by ¢4 Thus, the coefficient for one foot high vertical surface

draining by gravity would be matched by a disk rotating at a speed of 32.2

_ radians/sec or about 50 rPm. Cn this basis the coefficient at 5,000 rpm

ought to be only about 1/° ) of this value.

Experimental data, however, are not in agreement with this prediction.
The measured values of heat transfer coefficients given in Figures 5, 6,
and 7 show that after a rotational speed of about 3,000 rpm is reached, further
speed increases have little effect. In fact, there is some indication
that increases of speed above 5,000 rpm may cause some decrease in the
coefficient. Although the results on the 5-inch disk condenser {i.e. with
the small vapor chamber) differ somewhat in magnitude from those with the
7-1/2 inch disk (i.e. with the large vapor chamber apparatus), both sets of
data show this characteristic of leveling off in the 4,C00 to 5,000 rpm range.

This result is not what wculd have been anticipated from =xperience with
gravity-flow condensers. In gravity-flow condensers it has been shown that
heat transfer coefficients in condansation run consistently higher than pre-
dicted values because of three common effects. First, the existcnce of ripples
results in a decrease in the mean condensate layer thickness at a given conden-
sing rate. Second, turbulence and agitation in the condensate layer improve
heat transfer over thet to be expected with rectilinear laminar flow. Third,
when concurrent flow of vapor and condensate exist, tbe vapor drag thins the
condensate layer and improves the heat transfef coefficient.

In the rotating disk condenser, increased rotational speeds produce larger

nwabers of ripples,‘give some agitation in the condensate layer, and increase
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the outward radial component of the vapor velocity. Clearly each of these
effects would normally be expacted to make the actual coefficient exceed the
value that is predicted by Nusselt's theory. The extent of such augmenta-
tion should increase as the rotational speed increéses but experiment shows
Just the opposite. The answer to this anomaly would appear to lie primarily
in the interactions of the vapor and condensate resulting from non-radial
velocity.components in the vapor. It seems quite probable that interfacial
tension may play a secondary but significant role in the condensate flow
patterns. The complexities of predicting the fi’m instabilities for two
phase flows have been r.viewed by Ostrach and Koestel (8). These authors
discuss specifically the problem of instabilities in condensing flows and
mention four types of instability as "clearly possible" under these condi-
tions.

The consistently low heat transfer coefficients observed with the new

larger condenser may well be associated with vepor-condensate interaction
effects. In the small (5", atmospheric pressure) unit, the vapor seal is
around the periphery of the disk itself. The vapor chamber is roughiy 9
inches in diameter by 3 inches high and the upper surface of the chamber is
not parallel (it slopes from vapcr inlet down to vapor outlet) to the disk
face. In the large unit, the segl is around the drive shaft and a portion
of the bottom of the disk as well as tbe top surface iz exposed. Although
an annular condensate collection trough surrounds the disk, the inside of the
vapor chamber is nearly three .imes the seven and one-half inch dismeter of
the disk The top of the vapcr chamber is dome shaped and rises to about
twengy inches asbove the disk surface“

Quite clearly the vapor rlow patterns induced by the disk rotation
could bte significantly different in the condensers. It has been proposed
in this report that vepor-condensate interface effects play a major role in ' ’%

the deviation betyeen experiment and simple theory. If so, then, these ‘ ﬁ
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changes in the vapor chamber dimensions may be a significant factor in the
observed differsnces in coefficients obtained in the two condensers. In any
event, it must be concluded thap for some time, design will have to be based
on experiment but theoretical considerations will be essential i.. deciding
on the proper course of experimentation.

In gravity-flow condensation it has been established that even small

amoynts of non-condensables materially reduce the heat transfer coefficient.

For example, Alers et al. (9) found that 9% carbon dioxide in ethanol gave a
coefficient of 110 -s compared to a value of &0 for condensing pure ethanol

vapor at the same heat flux and in the same apparatus. This effect is attri-

buted to accumulation of a film of non-condensable gas on the surface of ithe

condensate. The condensing vapor must then diffuse through this film. ‘he

difTusion resistance of this gas film effectively reduces the rate of con-
densation under a given temperature difference driving force. It has been
found that natural convection forces associated with the density difference
bectween the vapor and the gas materially influence the effective gas film
thickness. Thus, helium, molecular weight 4, has less effect on the.con—
dersation coefficient of ethanol, molecular weight 46, than dces carbon
dioxide, molecular weight 44.

With a rofating condenser, it would be expected that the motion of the
non~condensable ges film would be controlled by the rotational speed and the
relative density of vapor and gas. High density gases would flow continu-
ously off the disk edge while low density gases would tend to move inward
over the disk surface. This is both an in*eresting and important phenome-
non. Uhere is almost elways some non-condensable gas present in any vapor
system. In the closed racycle systems, such gases can accumulate as a re-
sult of degassing of the matarials of covstruction, chemical reactions, leaks

(1in vacuum systems), and other procassus which liberate gas into the vapor
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cham*t;er. Where purging is not convenient or possible (e.g. toxic vapors, use —
on a space vehicle, completely sealed system) an accurate knowledge of the
effect of such accumulation and proper design to cope with it ﬁre rital.

The data gathered on the effects of non-condensables on rotating con-
denser performance was very limited. Even in a sealed system, it is not
easy to keep the non-condensable ga: concentration constant in the main vapor
chamber. The results cbtained were all on the effect of nit+ogen and of carbon
dioxide on condensation of methanol. The density ~f nitrogen is about 10% less
than that of methanol so it might be expected that the nitrogen would tend
to accumulate on the disk as a result of the ountrifugal forces. The density
of carbon dioxide is about 40% greater than that of methanol and i. should
be thrown off the disk. The small amount of data available suppcrt thiz .
coucept. As little as 0.3% N, had significant effect on the coefficient and !
over the range of 400 to 1060 rpn. the coeflicient remained nearly constant.
With carbon dioxide, however,nFigure 10 shows the initial effect is the same
as for nitrogen ut as the rotational speed increases there is some terdency
fof coefficients to improve.

The concentration of the non-condensables in the gas film is, of course,
higher thar the average concentration of these gases in the vapor. If this l
gas film moves across the disk surface, as has been progosed here, i: might be ’,!g‘
possible to collect this gas enriched vapor and thus remove the gas without :
need of extensive purging. For this purpose, a rotating disk condenser might
te used in a vapor system evén though the principal condenser surface was of

some other tyve.

IN CONCLUSION

SO O

Tﬂa rotating disk condenser has ween shown to provide very effective
condenser surface even at relatively low rotational speeds. As the speed is SR

increased above about 3000 rpm, however, liitle, if any, enhancement of
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; coefficient is obtained. This is inconsistent with theory which predicts that

coefficients should incresse as the square root of the rotational speed.

There is a real need for both theoretical and experimental work in this area

- in order that the potential of this type of condenser may be more fully
realized.

The edditional independent control variable offered by centrifugal force

i
! .
; as coopared to dependence on gravity alone makes the rotating disk condenser
13
&
E a much more flexible and useful unit for many purposes than more conventional
H .
condensers. Even a moderate smount of engineering effort could lead to the
design of very simple, effective, and convenient rotating disk condensers.
K. 0. Beatty jr.
December 9, 1964
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FIGURE 3: VIEWS OF ASSEMBLED STAINLESS STEEL CONDENSER

Front view showing control panel.
Review showing piping and boiler in lower foreground.
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